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WINDBORNE DEBRIS IN THE URBAN ENVIRONMENT
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This paper presents a comprehensive review of the research into windborne debris using. It introduces the 
FRPSRQHQWVRIWKHW\SLFDOGHEULVULVNPRGHOZLQG¿HOGPRGHOGHEULVJHQHUDWLRQPRGHOGHEULVWUDMHFWRU\
model and debris impact model - and reviews the research that has been done in each of these constitu-
HQWDUHDV7KHPDMRULW\RIWKLVUHVHDUFKKDVIRFXVVHGRQXQGHUVWDQGLQJWKHIXQGDPHQWDOSK\VLFVRIGHEULV
ÀLJKWXVLQJERWKH[SHULPHQWDODQGFRPSXWDWLRQDODSSURDFKHVWRGHULYHDQDO\WLFDODQGHPSLULFDOPRGHOV
7KLVIXQGDPHQWDOSK\VLFVPXVWEHYLHZHGKRZHYHUZLWKLQDSUREDELOLVWLFIUDPHZRUNWKDWDOORZVWKHULVN
WREHDVVHVVHGLQDUHOHYDQWPDQQHU0XFKRIWKHUHVHDUFKUHODWHVWRKXUULFDQHKD]DUGLQWKH86$KRZHYHU
windborne debris is clearly a threat to the urban environment during European wind storms. The way that 
)(0$¶V+$=860+KD]DUGDVVHVVPHQW WRROKDVEURXJKWQDWXUDOKD]DUGPRGHOOLQJ LQWR WKHHQJLQHHU-
LQJFRQWH[WLVYLHZHGDVDQDSSURDFKWKDWFRXOGEHDGDSWHGIRUERWKPLWLJDWLRQDQGGHVLJQLQD(XURSHDQ
FRQWH[W
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1. Introduction
Reviews of damage caused to buildings and structures during strong winds have shown 
WKDWZLQGERUQHGHEULVFRQWULEXWHVJUHDWO\WRWKHTXDQWLW\DQGFRVWRIGDPDJH>@
$OWKRXJKWKHSUREOHPLVPRVWVLJQL¿FDQWGXULQJWKHVWURQJHVWZLQGVDVVRFLDWHGZLWKWURSLFDO
VWRUPVDQGWRUQDGRHVZLQGERUQHGHEULVDOVRRFFXUVLQH[WUDWURSLFDOF\FORQLFVWRUPVVXFKDV
those that occur in Northern Europe. The Federal Emergency Management Agency (FEMA) 
LQWKH86$KDVSXEOLVKHGDQXPEHURIUHSRUWVRQKXUULFDQHGDPDJH>@ZKLFKLOOXVWUDWH
ERWK WKH VRXUFHRIZLQGERUQHGHEULV DQG WKHGDPDJH FDXVHGE\ WKDW GHEULV([DPSOHVRI
typical damage caused by windborne debris are shown in Fig. 1.
a)    b)
 
c)
            
)LJ([DPSOHVRIGDPDJHFDXVHGE\ZLQGERUQHGHEULVDQRUWKIDoDGHRI+\DWW+RWHO1HZ2UOHDQV
GDPDJHE\SHDJUDYHOIURPQHLJKERXULQJURRISKRWRE\.3RUWHUIRU0&((5EH[DPSOHRI
KD]DUGGXH WRPLVVLOHVJHQHUDWHGE\ IDLOHG VWUXFWXUHV SKRWRE\75HLQKROG$$:(JDOOHU\ 
FH[DPSOHRIFODGGLQJGDPDJHGXHWRZLQGERUQHPLVVLOHVSKRWRE\75HLQKROG$$:(JDOOHU\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Windborne debris arises from a variety of sources including building components where 
WLOHVVKLQJOHVRUFODGGLQJVKHHWVDUH WRUQIURPURRIV ,WHPVDWWDFKHG WREXLOGLQJVVXFKDV
VLJQDJHRU+9$&HTXLSPHQWRUORRVHFRQVWUXFWLRQPDWHULDOHJVKLQJOHDQGJUDYHORQEXLOW
XSURRI%85VWUXFWXUHVFDQDOVREHWRUQIUHHGXULQJKLJKZLQGVDQGEHFRPHZLQGERUQH
GHEULV2WKHUVRXUFHVRIGHEULVLQFOXGHPDWHULDOVVWRUHGLQWKHRSHQDWJURXQGOHYHOVWUHHW
IXUQLWXUHDQGWUHHEUDQFKHV+RZHYHULWLVJHQHUDOO\URR¿QJPDWHULDOVWKDWSRVHWKHJUHDWHVW
ULVNEHFDXVHWKHLUKHLJKWDQGH[SRVXUHPDNHWKHPPRUHYXOQHUDEOHWRZLQGDQGPRUHOLNHO\
WRÀ\IXUWKHUDQGIDVWHU
'HEULV SLFNHG XS E\ WKH ZLQG FDQ UDSLGO\ DFFHOHUDWH WR UHDFK DQG HYHQ H[FHHG WKH
EDFNJURXQG ZLQG VSHHG 7KH GHEULV FDQ WUDYHO VLJQL¿FDQW GLVWDQFHV UDQJHV RI RYHU RQH
KXQGUHGPHWUHVKDYHEHHQUHSRUWHGDQGFDQKDYHVLJQL¿FDQWPRPHQWXPZKHQ LW LPSDFWV
WKHJURXQGRUGRZQZLQGEXLOGLQJV&OHDUO\LQDQXUEDQHQYLURQPHQWWKHULVNRIGDPDJLQJ
impact with other structures is much higher and there are also risks associated with cars and 
pedestrians in the streets. Several fatalities have been reported in the media with people or 
vehicles struck by debris.
7\SLFDOGHEULVLPSDFWGDPDJHLQYROYHVWKHSHQHWUDWLRQRIWKHEXLOGLQJHQYHORSHXVXDOO\
WKURXJKEURNHQZLQGRZV WKRXJKFODGGLQJFDQDOVREHGDPDJHG+RZHYHU LW LV LPSRUWDQW
to note that the damage is not usually limited to the building envelope. Once the building 
HQYHORSHLVFRPSURPLVHGZDWHULVDEOHWRHQWHUWKHEXLOGLQJZKLFKFRXOGOHDGWRGDPDJHWR
WKHFRQWHQWV)XUWKHUPRUH WKHVXEVHTXHQW LQWHUQDOSUHVVXULVDWLRQRI WKHGDPDJHGEXLOGLQJ
can also cause internal damage and makes it more likely that the building will suffer further 
VWUXFWXUDOGDPDJHVXFKDVURRIORVV7KLVLQWXUQSURGXFHVPRUHGHEULVLQFOXGLQJVWUXFWXUDO
PHPEHUVZKLFKFDQFDXVHGDPDJHWRSURSHUW\IXUWKHUGRZQZLQG7KLVLVWKHVRFDOOHGGHEULV
GDPDJHFKDLQ)LJ>@
)LJ7KHZLQGERUQHGHEULVGDPDJHFKDLQDIWHU>@'HEULVVKHGIURPWKHXSZLQGEXLOGLQJSHQHWUDWHV
WKHGRZQVWUHDPEXLOGLQJFDXVLQJLQWHUQDOSUHVVXULVDWLRQDQGVXEVHTXHQWPDMRUGDPDJH
:LQGERUQHGHEULVLVFOHDUO\DVLJQL¿FDQWKD]DUGDQGWKHDVVRFLDWHGULVNLVFRQVLGHUDEOH
Design against windborne debris focuses on preventing debris generation by following 
JXLGDQFH RQ DSSURSULDWH ¿[LQJV DQG IDVWHQLQJV DQG RQ GHDOLQJ ZLWK WKH FRQVHTXHQFHV RI
GHEULVGDPDJHVXFKDVLQWHUQDOSUHVVXULVDWLRQ+RZHYHU¿HOGUHFRQQDLVVDQFHKDVVKRZQWKDW
the generation of wind borne debris is not usually the result of poor design. When component 
IDLOXUHJHQHUDWHVGHEULVLWLVXVXDOO\WKHUHVXOWRIWKHIDLOXUHRIWKHIDVWHQHUVHLWKHUGXHWR
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SRRU LQVWDOODWLRQ RU WR FRUURVLRQ7KHUHIRUH PXFK RI WKH UHVSRQVLELOLW\ IRU PDQDJLQJ WKH
ULVNRIZLQGERUQHGHEULV OLHVZLWKJRYHUQPHQWDXWKRULWLHVDQGEXLOGLQJRZQHUV+HQFH LQ
KXUULFDQHSURQHUHJLRQVRIWKH86EXLOGLQJFRGHVVXFKDVWKH)ORULGD%XLOGLQJ&RGHSURYLGH
JXLGDQFHRQWKHSURWHFWLRQRIYXOQHUDEOHEXLOGLQJHQYHORSHVXVLQJVKXWWHUVHWF,QHYLWDEO\
WKRXJKPDQ\RIWKHORVVHVIDOORQWKHLQVXUDQFHDQGUHLQVXUDQFHLQGXVWULHVDQGLWLVWKHVH
sectors that have driven the production of appropriate hazard loss models.
This paper will present a comprehensive review of the research into windborne debris 
using the general structure of the debris risk models as a template. It will introduce the 
components of the typical debris risk model and then review the research that has been done 
in each of the constituent areas. Although much of the research relates to hurricane hazard 
LQWKH86$ZLQGERUQHGHEULVLVFOHDUO\DWKUHDWWRWKHXUEDQHQYLURQPHQWGXULQJ(XURSHDQ
wind storms. An aim of the paper is to highlight the progress made in US hazard modelling 
DQGKHQFHLGHQWLI\IXWXUHUHVHDUFKRSSRUWXQLWLHVLQWKH(XURSHDQFRQWH[W
2. Debris risk models
,QKLV UHYLHZSDSHU+ROPHV >@ LGHQWL¿HV WKH IRXU FRUH FRPSRQHQWVRI DZLQGERUQH
debris damage model:
Ɣ :LQG¿HOGPRGHO
Ɣ 'HEULVJHQHUDWLRQPRGHO
Ɣ 'HEULVWUDMHFWRU\PRGHO
Ɣ 'HEULVLPSDFWPRGHO
There have been several models created with this outline structure. An early attempt to 
PRGHOGDPDJHFDXVHGE\ZLQGERUQHGHEULV>@LGHQWL¿HGWKHPD[LPXPGHEULVÀLJKWVSHHGDV
DNH\SDUDPHWHUIRUSUHGLFWLQJGDPDJHZKLFKZDVDVVXPHGSURSRUWLRQDOWRWKHGHEULVNLQHWLF
HQHUJ\7KUHHW\SHVRIGHEULVZHUHGH¿QHGLQWKDWVWXG\±FRPSDFWVKHHWDQGURG7DE)RU
a number of specimens of each type comparisons were made between wind tunnel test data 
DQGWKHSUHGLFWLRQVRIÀLJKWVSHHGZKLFKZDVGH¿QHGDVWKHZLQGVSHHGQHFHVVDU\WRLQLWLDWH
ÀLJKW$OWKRXJKWKHFRPSDULVRQVZHUHJRRGWKHPRGHOLWVHOIZDVYHU\VLPSOHDQGOLPLWHGLQ
VFRSHWKHZRUN¶VVLJQL¿FDQWFRQWULEXWLRQEHLQJWKHGHEULVFODVVL¿FDWLRQ
A more detailed and comprehensive debris risk model has been incorporated into FEMAs 
+$=860+KD]DUGDVVHVVPHQWWRRO+$=860+LVDQDWLRQDOO\DSSOLFDEOHVWDQGDUGL]HG
PHWKRGRORJ\WKDWFRQWDLQVPRGHOVIRUHVWLPDWLQJSRWHQWLDOORVVHVIURPHDUWKTXDNHVÀRRGV
DQGKXUULFDQHV>@7KHKXUULFDQHPRGHORI+$=860+>@LQFOXGHVQRWRQO\WKHGHWDLOHG
ZLQG¿HOGPRGHOEXWDOVR WZRVHSDUDWHZLQGERUQHGHEULVPRGHOVGHEULV IURPUHVLGHQWLDO
EXLOGLQJVDQGURRIWRSJUDYHOGHEULV7KHIRUPHUFRQVLVWRIVKLQJOHV WLOHVURRIVKHHWVHWF
(sheet debris) and small roof timbers (rod debris). The latter are compact type debris and 
UHSUHVHQWGHEULV WKDWKDVFDXVHGVLJQL¿FDQWGDPDJHLQKLVWRULFKXUULFDQHVVXFKDV.DWULQD
)LJDQG>@7KHPRGHOFRQVLGHUVIDLOXUHRI LQGLYLGXDOFRPSRQHQW¿[LQJVXQGHUZLQG
SUHVVXUH DQG WKHQ SUHGLFWV WKH VXEVHTXHQW GHEULV WUDMHFWRULHV7KH WUDMHFWRULHV DUH XVHG WR
obtain energy and momentum risk curves that then form the input for a damage and loss 
HVWLPDWLRQPRGHO>@ZKLFKLVVKRZQVFKHPDWLFDOO\LQ)LJVDQG

T a b l e  1
&ODVVL¿FDWLRQRIGHEULVW\SHVDFFRUGLQJWR>@ZLWKH[DPSOHV
&RPSDFW
          
Sheet
    
Rod
7KHRXWSXWIURPWKH+$=860+KXUULFDQHPRGHOLVDSUREDELOLVWLFHVWLPDWHRIWKHORVV
UDWLRZKLFKFRPSDUHVZHOOZLWKLQVXUDQFHORVVGDWDIRUKLVWRULFKXUULFDQHV7KHSXUSRVHRI
WKH+$=860+PRGHO LV WRDOORZXVHUV WRTXDQWLI\ WKHFRVWHIIHFWLYHQHVVRIPLWLJDWLRQ
techniques in different locations. It is therefore not a design tool as traditionally used in wind 
HQJLQHHULQJEXWDWRROWREHXVHGE\JRYHUQPHQWERGLHVDQGEXLOGLQJRZQHUVWRHVWLPDWHDQG
then mitigate risk.
$ODWHUGHEULVULVNDVVHVVPHQWPRGHO>@XVHV3RLVVRQUDQGRPPHDVXUHWKHRU\WRSUHGLFW
damage during a hurricane due to debris from building sources. The approach includes 
DSUREDELOLVWLFPRGHORIGHEULVWUDMHFWRULHVWKDWDUHXVHGWRSUHGLFWLPSDFWDQGGDPDJHORFDWLRQV
on neighbouring structures. Predictions of simulated debris transport distance and velocity 
DUHFRPSDUHGZLWK¿HOGREVHUYDWLRQV>@DQGWKHPRGHOXVHGWRDVVHVVWKHYXOQHUDELOLW\RI
UHVLGHQWLDOGHYHORSPHQWVXVLQJD0RQWH&DUORVLPXODWLRQ>@

)LJ+$=86RYHUYLHZRIGDPDJHDQGORVVIXQFWLRQFDOFXODWLRQDSSURDFK>@
:LQG¿HOGPRGHOV
7KHSXUSRVHRIWKHZLQG¿HOGPRGHOLVWRHVWLPDWHWKHOLNHO\RFFXUUHQFHRIGDPDJLQJZLQGV
DWDJLYHQORFDWLRQDQGWRUHODWHZLQGVWRUPSDUDPHWHUVWRORFDOPHDQDQGJXVWZLQGVSHHGVDW
VD\URRIWRSKHLJKW7KHVHFDQWKHQEHXVHGLQFRQMXQFWLRQZLWKWKHGHEULVJHQHUDWLRQPRGHO
to predict the likely occurrence of wind borne debris.
7KH KXUULFDQH PRGHO LQ +$=860+ LV EDVHG RQ DQ H[WHQVLYH VWXG\ > @ WKDW
FRQVLGHUHGKLVWRULFDOKXUULFDQHGDWDLQFOXGLQJKXUULFDQHWUDFNVWRFUHDWHDPRGHOWKDWFRXOG
be used to generate simulations of future hurricanes. The simulations compared well with 
historical data in terms of both wind speed and central pressure. The model also includes 
a terrain model so that the simulation data can be used to predict wind speed and pressure 
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GDWDIRUVSHFL¿FORFDWLRQV6LPLODUVWXGLHVRQKLVWRULFVWRUPVLQ1RUWK:HVW(XURSHKDYHEHHQ
SHUIRUPHGEXW WKHVHKDYHEHHQ LQ WKHFRQWH[WRI FDWDVWURSKHPRGHOOLQJ IRU WKH LQVXUDQFH
LQGXVWU\RUPHWHRURORJ\WKHUHLVDV\HWQRWHIIHFWLYHWUDQVIHULQWRWKHHQJLQHHULQJFRQWH[W
+RZDQGZKHWKHU WKH WUDGLWLRQDOZLQGVSHHGGDWD IURPGHVLJQFRGHVVXFKDV(&FDQEH
applied to analysis of the risk from windborne debris has also still to be fully addressed.
2QHLPSRUWDQWDVSHFWRI WKHZLQG¿HOGPRGHO WKDW UHTXLUHV IXUWKHUGHYHORSPHQW LV WKH
ORFDOÀRZDURXQGEXLOGLQJV,WLVNQRZQWKDWWKHJXVWZLQGVSHHGLVPRVWFULWLFDOIRUGHEULV
JHQHUDWLRQ+RZHYHUZLWKLQWKHXUEDQHQYLURQPHQWWKLVLVOLNHO\WREHGHWHUPLQHGE\ODUJH
VFDOH WXUEXOHQFHDQGÀRZVHSDUDWLRQDURXQGEXLOGLQJV7KHVHÀRZIHDWXUHVZLOODOVRKDYH
DVLJQL¿FDQWLQÀXHQFHRQWKHGHEULVWUDMHFWRU\DQGKHQFHWKHULVNRILPSDFW,WLVWKHUHIRUH
LPSRUWDQWWKDWWKHORFDOZLQGIHDWXUHVDUHSURSHUO\FRQVLGHUHGLQWKHZLQG¿HOGPRGHOERWK
IRUWKHDQDO\VLVRIWKHGHEULVJHQHUDWLRQSURFHVVDQGPRGHOOLQJGHEULVÀLJKW
'HEULVJHQHUDWLRQPRGHO
The purpose of the debris generation model is to predict the type and source location of 
debris during a wind storm and the likelihood that the debris will take off. Field observations 
RQW\SLFDOGHEULVLQGLFDWHWKDWUHVLGHQWLDOURR¿QJPDWHULDOVHJWLOHVVKLQJOHVDQGURRIVKHHWV
DUHWKHPRVWFRPPRQFRPSRQHQWV'HEULVIURPURRIVLVSDUWLFXODUO\VLJQL¿FDQWEHFDXVHLW
ZLOOEHVXEMHFWWRKLJKHUZLQGVSHHGVDQGVRLVPRUHOLNHO\WREHWRUQRII,WLVDOVROLNHO\WR
À\IXUWKHUEHFDXVHLWLVODXQFKHGIURPKHLJKWDQGLVRIWKHVKHHWW\SH
'DPDJH VXUYH\V UHSRUW WKDW IDLOXUH RI URR¿QJ HOHPHQWV LV PRVW OLNHO\ WR UHVXOW IURP
IDLOXUHRIWKHIDVWHQHUVHLWKHUEHFDXVHRISRRULQVWDOODWLRQSUDFWLFHVRUWKURXJKPHFKDQLFDO
failure of inadequate or corroded fasteners. These factors have been the focus of full scale 
LQYHVWLJDWLRQVRIUHVLGHQWLDOEXLOGLQJV>@$OWKRXJKORFDOIDLOXUHRIURRIFRYHULQJVLV
LPSRUWDQWLQVRPHFDVHVWKHXQGHUO\LQJURRIVWUXFWXUHFDQDOVREHFRPHWKHVRXUFHRIGHEULV
This usually occurs because the structural design did not take into account the consequences 
of internal pressurisation following perforation of the building envelope.
)XWXUHUHVHDUFKWRUH¿QHWKHGHEULVJHQHUDWLRQPRGHOLVOLPLWHGE\WKHZLGHYDULDELOLW\
RIGHEULV IRUPDQG¿[LQJFDSDFLW\ ,WPXVW WKHUHIRUHIRFXVRQDQDSSURSULDWHSUREDELOLVWLF
representation of these factors based on historical damage surveys.
'HEULVWUDMHFWRU\PRGHO
7KHSXUSRVHRI WKHGHEULV WUDMHFWRU\PRGHO LV WRSUHGLFW WKHÀLJKWSDWKRIZLQGERUQH
GHEULV DQG LQ SDUWLFXODU WR GHWHUPLQH WKH GLVWDQFH DQG GLUHFWLRQ WUDYHOOHG DQG WKH LPSDFW
speed. The former is required to assess the likelihood of impact on surrounding buildings and 
assets. The latter is required to assess the likelihood of damage being caused by that impact. 
7KHGHEULVWUDMHFWRU\PRGHOPXVWWDNHDFFRXQWRIWKHXQFHUWDLQW\RIWKHSURFHVVHVLQYROYHG
LQFOXGLQJDHURG\QDPLFVÀRZ¿HOGDQG ODXQFKFRQGLWLRQV+HQFH WKHGHEULVGDPDJH ORVV
PRGHOVRXWOLQHGDERYHLQFOXGHDSUREDELOLVWLFDSSURDFKWRPRGHOOLQJGHEULVÀLJKW

)LJ+$=86KXUULFDQHGDPDJHHVWLPDWLRQPHWKRGRORJ\DIWHU>@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7KHJURXQGEUHDNLQJZRUNRQGHEULVÀLJKWZDVFDUULHGRXWE\3URIHVVRU7DFKLNDZDZKR
VWXGLHG WKHÀLJKWRISODWH OLNHGHEULV LQ WKHZLQG WXQQHO >@DQGVXEVHTXHQWO\GHYHORSHG
D¿UVWGHEULVWUDMHFWRU\PRGHO>@7KHZLQGWXQQHOVWXGLHVUHYHDOHGDQXPEHURIGLIIHUHQW
³ÀLJKWPRGHV´LQFOXGLQJWUDQVODWLRQÀXWWHUDQGDXWRURWDWLRQ$VGLIIHUHQWÀLJKWPRGHVKDYH
GLIIHUHQWDHURG\QDPLFFKDUDFWHULVWLFVWKLVLQFUHDVHVWKHVSUHDGLQVLPXODWLRQUHVXOWV7KHÀLJKW
PRGHOLQFOXGHGWKHHIIHFWRIDXWRURWDWLRQRQWKHDHURG\QDPLFIRUFHVZKLFKDUHDQDORJRXV
to the Magnus effect and generate additional aerodynamic lift and moment. These in turn 
LQÀXHQFHWKHÀLJKWWUDMHFWRU\7KHFRQWULEXWLRQRI3URIHVVRU7DFKLNDZDWRWKHGHYHORSPHQWRI
WKH¿HOGE\LGHQWLI\LQJWKHIXQGDPHQWDOSDUDPHWHUVDIIHFWLQJWKHÀLJKWRISODWHOLNHGHEULVZDV
recognised by the designation of the Tachikawa number to describe the key non-dimensional 
UDWLREHWZHHQDHURG\QDPLFDQGJUDYLW\IRUFHV>@
5.1. Analytical Models
$ YHU\ VLPSOH PRGHO RI GHEULV ÀLJKW LV LQFOXGHG ZLWKLQ >@$OWKRXJK WKLV GRHV QRW
DWWHPSWWRSUHGLFWWUDMHFWRULHVLWGRHVSURSRVHDFRQGLWLRQIRUGHEULVODXQFKLQWHUPVRIWKH
UDWLRRIDHURG\QDPLF WRJUDYLW\DQGUHVWUDLQLQJIRUFHV7KHUHVXOWDQWGHEULVÀLJKWVSHHG LV
described as a proportion of the mean wind speed and comparisons made between predicted 
DQGZLQGWXQQHOUHVXOWVIRUWKHWKUHHGHEULVW\SHVFRPSDFWVKHHWDQGURG$PRUHGHWDLOHG
PRGHOIRUFRPSDFWGHEULVZDVGHYHORSHGE\+ROPHV>@ZKRFRQVLGHUHGWKH'HTXDWLRQ
RIPRWLRQLJQRULQJURWDWLRQDOHIIHFWV7KHLQÀXHQFHRIDWPRVSKHULFWXUEXOHQFHRQWKHGHEULV
WUDMHFWRULHVZDVLQYHVWLJDWHGE\PRGXODWLQJWKHEDFNJURXQGZLQGVSHHG7KHPRGHOZDVXVHG
WRSUHGLFWÀLJKWGLVWDQFHVDQGYHORFLWLHVDWLPSDFWIRUWZRVSKHUHVZLWKGLIIHUHQWGLDPHWHUV
DQGPDWHULDOVPPVWRQHDQGPPZRRG
%DNHU >@SUHVHQWHGDPRUHFRPSOHWHYHUVLRQRI WKH'GHEULVÀLJKWHTXDWLRQVZKLFK
included the rotation of the particle and the aerodynamic forces associated with autorotation. 
%DNHU SURSRVHG D GLIIHUHQW QRQGLPHQVLRQDOLVDWLRQ RI WKH HTXDWLRQV WR 7DFKLNDZD EXW
LGHQWL¿HGWKHVDPHQRQGLPHQVLRQDOUDWLRRIDHURG\QDPLFWRJUDYLW\IRUFHVDVWKHJRYHUQLQJ
parameter. He presented solutions for both compact and plate-like debris including the effects 
RIWXUEXOHQFHDQGFRPSDUHGKLVSUHGLFWLRQVZLWKWKHZLQGWXQQHOUHVXOWVSUHVHQWHGE\:LOOV
>@$QLQWHUHVWLQJUHVXOWIURPWKLVPRGHOZDVWKDWIRUDXWRURWDWLQJÀLJKWPRGHVVKHHWOLNH
GHEULVFRXOGDFKLHYHDÀLJKWVSHHGJUHDWHUWKDQWKHPHDQZLQGVSHHGEHFDXVHRIWKHLQÀXHQFH
RIWKHDXWRURWDWLRQDOIRUFHFRHI¿FLHQWV7KLVLQGLFDWHVWKDWDFFXUDWHSUHGLFWLRQRIWKHÀLJKW
of wind borne plate like debris requires an accurate model of the auto-rotational behaviour 
RIWKHGHEULV7KLVLVIXQGDPHQWDOWRSUHGLFWLQJWKHFRUUHFWÀLJKWPRGHDQGGHWHUPLQLQJWKH
correct aerodynamic forces. A subsequent re-working of Bakers analysis using an improved 
GH¿QLWLRQRIDXWRURWDWLRQDOIRUFHFRHI¿FLHQWVLOOXVWUDWHVWKHHIIHFWV>@7KLVODWHUZRUNZDV
VXEVHTXHQWO\H[WHQGHGWRDIXOOWKUHHGLPHQVLRQDOTXDVLVWHDG\PRGHOIRUSODWHOLNHGHEULV
ÀLJKW>@ZKLFKZDVHYDOXDWHGE\FRPSDULVRQZLWKZLQGWXQQHOGDWD7KHUHVXOWVFRPSDUHG
ZHOOZKHQWKHUHLVDGRPLQDQWZLQGDVLQGHEULVÀLJKW$IXUWKHUFRPSDULVRQRIWKHPRGHOV
GHYHORSHGE\%DNHU>@DQG+ROPHV>@LVSUHVHQWHGE\6FDUDELQR>@ZKRFRQVLGHUVWKH
VWDELOLW\RIVKHHWW\SHGHEULVÀLJKWDQGWKHDV\PSWRWLFVROXWLRQRIWKHGHEULVÀLJKWHTXDWLRQV
$IXOOVL[GHJUHHRIIUHHGRP'PRGHORIZLQGERUQHGHEULVWUDMHFWRULHVZDVSUHVHQWHG
LQ>@+HUHD0RQWH&DUORVLPXODWLRQDSSURDFKLVWDNHQWRDGGUHVVVRPHRIWKHXQFHUWDLQWLHV
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in the initial conditions and wind regime. The results are predicted probability distributions 
RIGHEULVLPSDFWORFDWLRQVDQGLPSDFWYHORFLWLHVZKLFKPDWFKGDWDIURPVPDOOVFDOHZLQG
tunnel tests.
:LQG7XQQHO6WXGLHV
:LQGWXQQHOWHVWVIRUGHEULVWUDMHFWRU\PRGHOVFDQORRVHO\EHFODVVL¿HGLQWRWZRGLIIHUHQW
W\SHV7KH¿UVWDUHDLPHGDWXQGHUVWDQGLQJWKHDHURG\QDPLFSHUIRUPDQFHRILQGLYLGXDOLWHPV
RIGHEULVXVXDOO\LQWHUPVRIPHDVXULQJWKHDHURG\QDPLFDQGDXWRURWDWLRQDOIRUFHFRHI¿FLHQWV
needed for the analytical models described above. The second are aimed at measuring debris 
WUDMHFWRULHV WR SURYLGH GDWD IRU WKH YDOLGDWLRQ RI VLPXODWH WUDMHFWRULHV SUHGLFWHG E\ WKRVH
DQDO\WLFDOPRGHOV7KHVHVWXGLHVDOVRFRQVLGHUWKHHIIHFWRIORFDOÀRZFRQGLWLRQVHJÀRZ
URXQGEXLOGLQJVRQGHEULVODXQFKDQGÀLJKW
7KHHDUOLHUPRGHOVRIGHEULVWUDMHFWRU\PDGHXVHRIVWDQGDUGGDWDVRXUFHVVXFKDV(6'8
WR REWDLQ DHURG\QDPLF SDUDPHWHUV DOWKRXJK WKHVH VRXUFHV GRQ¶W SURYLGH WKH IXOO UDQJH
RI DQJOHVQHHGHG7KH¿UVWGHEULV VSHFL¿F WHVWV >@PHDVXUHG VWDWLF IRUFHFRHI¿FLHQWVRQ
SODWHVDQGURGVZKLOHYDU\LQJERWKWKHDQJOHRIDWWDFNDQGWKHDQJOHRIWLOW+RZHYHUGLUHFW
PHDVXUHPHQWV RI WKH LPSRUWDQW DXWRURWDWLRQDO EHKDYLRXU ZHUH QRW PDGH LQVWHDG YDOXHV
RIIRUFHFRHI¿FLHQWVZHUHPRGL¿HGXVLQJDQDSSUR[LPDWLRQWRG\QDPLFVWDOODQGDSSDUHQW
camber to account for auto-rotation.
A subsequent series of tests did measure pressures and forces on auto-rotating square 
SODWHV LQ WKHZLQGWXQQHO>@7ZRGLIIHUHQWSODWHVL]HVZHUHFRQVLGHUHGPE\PDQG
PE\PZLWKWKHSODWHVUHVWUDLQHGWRURWDWHDERXWDKRUL]RQWDOD[LV,QWKLVFDVHWKH
VLWXDWLRQZDVHIIHFWLYHO\'DQGWKHSODWHVGLGH[KLELWVWDEOHDXWRURWDWLRQIRUFHUWDLQZLQG
VSHHGV7KHYDOXHVRIOLIWPRPHQWDQGGUDJFRHI¿FLHQWVPHDVXUHGGXULQJWKHVHWHVWVZHUH
WKHQFRPSDUHGZLWKWKHYDOXHVXVHGLQWKHDQDO\WLFDOPRGHOVGHVFULEHGDERYH>@
)XUWKHUSURFHVVLQJRIWKHH[SHULPHQWDOGDWDZDVWKHQSHUIRUPHGWRFRPSDUHWKHWLSVSHHG
UDWLR GXULQJ DXWRURWDWLRQ ZLWK WKHRUHWLFDO PRGHOV >@ DQG WR LQYHVWLJDWH WKH ÀXFWXDWLQJ
SUHVVXUH¿HOGV>@
$SDUWIURPWKHSLRQHHULQJZRUNRI7DFKLNDZD>@RQHRIWKHHDUOLHVWZLQGWXQQHOWHVWV
WRYDOLGDWHGHEULVWUDMHFWRU\PRGHOVLVSUHVHQWHGE\:LOOV>@IRUFXEHDQGSODWHW\SHGHEULV
0HDVXUHPHQWVZHUHPDGHRI LQLWLDOÀLJKW VSHHGV LH WKHPHDQZLQG VSHHGDWZKLFK WKH
GHEULV ¿UVW ODXQFKHG ZKLFK ZDV WKHQ XVH WR FDOLEUDWH WKHLU PRGHO IRU WKH GHEULV ODXQFK
FULWHULRQ$PRUHFRPSUHKHQVLYHZLQGWXQQHOVWXG\RISODWHOLNHGHEULVLVSUHVHQWHGLQ>@
+HUHZLQGVSHHGDQJOHRIDWWDFNGHEULVVL]HDQGGHEULVGHQVLW\DUHVWXGLHGWRGHWHUPLQH
WKH LQÀXHQFHRIHDFKRQ WKH WUDMHFWRU\7KHGHEULV LVKHOGRQD ODXQFKPHFKDQLVPE\DQ
HOHFWURPDJQHWZKLFKLVWXUQHGRIIWRWULJJHUUHOHDVHKHQFHIDLOXUHRI¿[LQJFRPSRQHQWV
LVQRWFRQVLGHUHGDWGHEULVODXQFKDQGWKHQWKHGHEULVÀLJKWWUDFNHGE\FDPHUD7KHUHVXOWV
of the wind tunnel study are used to propose an empirical formula for non-dimensional 
WUDMHFWRULHV LQ WHUPV RI WKH7DFKLNDZD QXPEHU ZKLFK LV WKHQ FRPSDUHG ZLWK WKH UHVXOWV
LQ D'DQDO\WLFDOPRGHO >@7KHDXWKRUV ODWHU H[WHQGHG WKHLUZRUN WR LQFOXGH URGDQG
FRPSDFWGHEULVW\SHV>@7KHLUHPSLULFDOWUDMHFWRU\PRGHOVIRUGLIIHUHQWW\SHVRIGHEULV
DUHFRPSDUHGLQ)LJZKLFKVKRZVVKHHWW\SHGHEULVDFKLHYLQJWKHKLJKHVWVSHHG\HWQRW
reaching the background wind speed.
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a)
b)
)LJ&RPSDULVRQRIHPSLULFDOWUDMHFWRULHVIRUGLIIHUHQWGHEULVW\SHVLQWHUPVRI7DFKLNDZDQXPEHU
.DQGQRQGLPHQVLRQDOWLPH W ) and distance ( x )
0RUHUHFHQWZLQGWXQQHOVWXGLHVKDYHFRQVLGHUHGWKHSHUIRUPDQFHRIURRIVKHHWVRQD
VFDOHPRGHORIDW\SLFDOKRXVHVWUXFWXUH,QWKH¿UVWRIWKHVHVWXGLHV>@WKHH[SHULPHQWDO
GHVLJQ LV GHVFULEHG LQFOXGLQJ WKH VFDOLQJ RI WKH IDVWHQHU IDLOXUH ORDG ZKLFK LV XVHG WR
determine the hold down force for the electro-magnets. Only winds normal to the ridge 
line of the house were considered and the roof sheet was located immediately downwind of 
the ridge. The tests produced a probability distribution for the wind speed at panel failure 
DQGD VHW RI WUDMHFWRULHV WKDWZHUH UHFRUGHGXVLQJKLJK VSHHGFDPHUDV6LJQL¿FDQWO\ ERWK
WUDQVODWLRQDODQGDXWRURWDWLRQDOÀLJKWPRGHVZHUHREVHUYHG/DWHUWHVWVRQWKHVDPHPRGHO
FRQVLGHUHGWKHLQÀXHQFHRIZLQGGLUHFWLRQ>@DQGSDQHOORFDWLRQ>@RQWKHGHEULVÀLJKW
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Wind direction and the location of the panel on the roof both had an effect on the failure wind 
VSHHG WKH UDQJH RI GHEULV ÀLJKW DQG WKH VSUHDG RI GHEULV$QRWKHU LPSRUWDQW REVHUYDWLRQ
ZDVWKHLQÀXHQFHRIVXUURXQGLQJEXLOGLQJV7KHSUHVHQFHRIQHLJKERXULQJEXLOGLQJVPDGH
DVLJQL¿FDQWGLIIHUHQFHWRWKHUDQJHDQGVSUHDGRIGHEULVSURYLGLQJIXUWKHUHYLGHQFHWKDWWKH
GHWDLOHGORFDOZLQG¿HOGLVYHU\LPSRUWDQW
5.3. Numerical Simulations
&RPSXWDWLRQDOZLQGHQJLQHHULQJLVDUDSLGO\GHYHORSLQJ¿HOGDQGUHFHQWZRUNKDVDSSOLHG
&RPSXWDWLRQDO)OXLG'\QDPLFV&)'WRWKHVROXWLRQRIWKHZLQGERUQHGHEULVSUREOHP$V
ZLWKZLQGWXQQHOWHVWLQJLQWKHVLPSOHVWFDVHV&)'LVMXVWXVHGWRSUHGLFWWKHDHURG\QDPLF
DQGDXWRURWDWLRQDOIRUFHFRHI¿FLHQWVIRUXVHLQDQDQDO\WLFPRGHO0HDVXUHPHQWVRIDXWR
URWDWLRQDOIRUFHFRHI¿FLHQWVLQWKHZLQGWXQQHODUHHVSHFLDOO\VHQVLWLYHWRWKHH[SHULPHQWDO
FRQGLWLRQVLQFOXGLQJPDVVGLVWULEXWLRQEHDULQJIULFWLRQDQGERXQGDU\HIIHFWV7KHVHIDFWRUV
FDQ EH LGHQWL¿HG DQG TXDQWL¿HG E\ FRPSDULQJ WKH H[SHULPHQWDO UHVXOWV WR FRPSXWDWLRQDO
simulations. A further advantage of the numerical simulations when studying the force 
FRHI¿FLHQWV LV WKDW WKH\ SURYLGH PRUH GHWDLOV RI WKH ÀRZ ¿HOG DQG SUHVVXUH GLVWULEXWLRQV
across the debris than can be obtained from wind tunnel testing. This in turn improves the 
FRQFHSWXDOXQGHUVWDQGLQJRIWKHÀRZUHJLPHDQGÀLJKWG\QDPLFV
7KHUHDODGYDQWDJHVRIXVLQJ&)'WKRXJKDUHVHHQZKHQLWLVDSSOLHGWRWKHVLPXODWLRQ
RIWKHGHEULVÀLJKWLWVHOI,QWKLVFDVHÀLJKWWUDMHFWRULHVFDQEHREWDLQHGIRUGHEULVZLWKRXWWKH
QHHGWRREWDLQIRUFHFRHI¿FLHQWV+HQFHLUUHJXODUDQGQRQVWDQGDUGGHEULVFDQEHVLPXODWHG
)XUWKHUPRUHWKHVLPXODWLRQRIGHEULVÀLJKWLVHIIHFWLYHO\HPEHGGHGZLWKLQDVLPXODWLRQRI
WKHORFDOÀRZ¿HOG,WLVWKHUHIRUHSRVVLEOHWRVWXG\WKHHIIHFWVRIGHEULVRULJLQORFDOÀRZ
VHSDUDWLRQEXLOGLQJLQWHUIHUHQFHHWFRQWKHGHEULVWUDMHFWRULHV,QHIIHFWVLPXODWLRQVRIGHEULV
WUDMHFWRU\DUHWKHQQRWGHSHQGHQWRQDQDVVXPHGÀRZ¿HOGDVLQKHUHQWLQDQDQDO\WLFDOPRGHO
EXWRQDVLPXODWHGÀRZ¿HOGWKDWFDSWXUHVWKHNH\IHDWXUHVRIWKHÀRZ
+RZHYHU WKH FRPSOH[LW\ RI WKH SK\VLFDO SUREOHP PHDQV WKDW WKH VLPXODWLRQV DUH QRW
WULYLDO )LUVW LW LV QHFHVVDU\ WR VLPXODWH WKH ORFDO ÀRZ ¿HOG DURXQG WKH GHEULV %HFDXVH
WKHGHEULVLV WUDQVODWLQJDQGURWDWLQJWKURXJKWKHÀXLGWKLVKDVWREHFRQVLGHUHGDVDÀXLG
VWUXFWXUH LQWHUDFWLRQ SUREOHP XVLQJ DQ$/( IRUPXODWLRQ7KH GHEULV PRWLRQ LV FDOFXODWHG
XVLQJ D VL[ GHJUHH RI IUHHGRP ULJLG ERG\ VROYHU LQ UHVSRQVH WR WKH ÀRZ LQGXFHG IRUFHV
0RWLRQRI WKHGHEULV WKHQ LPSRVHV D GLVSODFHPHQWRQ WKHPHVK DURXQG WKHGHEULVZKLFK
PXVWEHDFFRXQWHGIRULQWKHÀXLGVROXWLRQ6HFRQGXQOLNHPDQ\)6,SUREOHPVWKHGHEULV
LVLQHIIHFWDOVRWUDQVODWLQJWKURXJKWKHGRPDLQUHTXLULQJUHJXODUUHPHVKLQJWRDYRLGPHVK
GLVWRUWLRQV)LQDOO\WKHÀRZ¿HOGVDURXQGEXLOGLQJVDUHQRWRULRXVO\GLI¿FXOWWRVLPXODWHDQG
VRWKHPHVKUHTXLUHGPD\EHYHU\ODUJHDQGGHPDQGVLJQL¿FDQWUHVRXUFHWRVROYHLW
7KH¿UVWGHWDLOHGSUHVHQWDWLRQRIWKH&)'VLPXODWLRQRISODWHOLNHGHEULVLVJLYHQLQ>@
ZKHUHWKHVLPXODWLRQVDUHFRPSDUHGZLWKH[SHULPHQWDOGDWDREWDLQHGIURPWKHZLQGWXQQHO
>@7KHSURSULHW\&)'FRGH$16<6)/8(17ZDVXVHGWRVLPXODWHWKHÀRZ¿HOGXVLQJ
an unsteady RANS approach with the realisable k-H turbulence model. An inner spherical 
UHJLRQRIPHVKZDVGH¿QHGDURXQGWKHSODWHOLNHGHEULVZKLFKWUDQVODWHGDQGURWDWHGZLWKWKH
plate without deforming. This spherical region was then allowed to translate through an outer 
UHJLRQZKLFKZDVUHPHVKHGRQHYHU\WLPHVWHS)LJ&RPSDULVRQRIIRUFHFRHI¿FLHQWVIRU
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VWDWLFDQG¿[HGD[LVURWDWLQJSODWHVZLWKYDOXHVIURPWKHOLWHUDWXUHDQGZLQGWXQQHOJDYHJRRG
DJUHHPHQW,PSRUWDQWO\GLVFUHSDQFLHVZLWKWKHZLQGWXQQHOGDWDLGHQWL¿HGSUREOHPVZLWKWKH
H[SHULPHQWLQFOXGLQJPDVVHFFHQWULFLW\DQGEHDULQJIULFWLRQ3UHGLFWLRQVRIWKHGHEULVÀLJKW
DOVRFRPSDUHGZHOOZLWKGLIIHUHQWÀLJKWPRGHVEHLQJSUHGLFWHG
7KLVPRGHOZDVODWHUUH¿QHGE\DGRSWLQJDVLQJXODULW\IUHHULJLGERG\VROYHUWRDYRLGWKH
complications of gimbal lock and by improving the outer domain by using an unstructured 
PHVK)LJ>@8VLQJWKLVPRGHOGLIIHUHQWGHEULVÀLJKWPRGHVÀXWWHUWUDQVLWLRQDODQG
auto-rotational) were observed that corresponded to those seen in wind tunnel tests. Fig. 8 
VKRZVDFRPSDULVRQRIVLPXODWHGWUDMHFWRULHVXVLQJ&)'ZLWKDQHPSLULFDOPRGHOREWDLQHG
IURPZLQGWXQQHOWHVWLQJ>@7KHVLPXODWLRQVSUHGLFWWKDWLQWKHDXWRURWDWLRQDOÀLJKWPRGH
VKHHW W\SHGHEULV FDQ H[FHHG WKHEDFNJURXQGZLQG VSHHG7KLV DJUHHVZLWK WKH UHVXOWV RI
DQDO\WLFDOPRGHOVEXWZDVQ¶WREVHUYHGLQWKHZLQGWXQQHO
)LJ&RPSXWDWLRQDOGRPDLQDQGERXQGDULHVIRUIUHHÀLJKWVLPXODWLRQRIGHEULV>@
)LJ6HFWLRQWKURXJKFRPSXWDWLRQDOJULGVKRZLQJVWUXFWXUHGKH[DKHGUDOPHVKLQWKHPRYLQJLQQHU
UHJLRQVXUURXQGLQJ WKHSODWH WRJHWKHUZLWKDQXQVWUXFWXUHG WHWUDKHGUDORXWHUPHVK WKDW LV UH
PHVKHGDWHDFKWLPHVWHSDIWHU>@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a)
b)
)LJ  &)'±5%' SUHGLFWHG WUDMHFWRULHV IRU LQLWLDO DQJOHV RI DWWDFN RI íĮ VKRZLQJ D
H[SHULPHQWDO/LQHWDODQG&)'±5%'EDVHG¿WH[SUHVVLRQVIRUQRQGLPHQVLRQDOLVHG
KRUL]RQWDO GLVWDQFH K x  DQG E &)'±5%' SUHGLFWLRQV IRU QRQGLPHQVLRQDOLVHG KRUL]RQWDO
VSHHGDIWHU>@
)LJV  DQG  SUHVHQW W\SLFDO WUDMHFWRULHV IRU GLIIHUHQW ÀLJKW PRGHV )OXWWHULQJ SODWHV
RVFLOODWHDERXWDQD[LVEXWQHYHUURWDWH7UDQVLWLRQDOSODWHVRVFLOODWHDW¿UVWEHIRUHGHYHORSLQJ
stable auto-rotational behaviour. The auto-rotational plates enter stable autorotation from 
ODXQFK)RUDXWRURWDWLQJSODWHVWKH¿QDOÀLJKWVSHHGGHSHQGVRQWKHGLUHFWLRQRIURWDWLRQ
7KHNH\IDFWRULQGHWHUPLQLQJWKHÀLJKWPRGHZDVWKHODXQFKDQJOH

)LJ  1RQGLPHQVLRQDOLVHG WLPHVHULHV RI YHUWLFDO GDVKHG OLQHV DQG KRUL]RQWDO VROLG OLQHV SODWH
VSHHGIRUDÀXWWHUEWUDQVLWLRQDODQGFDXWRURWDWLRQDOÀLJKWPRGHVDIWHU>@
)LJ,QVWDQWDQHRXVRULHQWDWLRQVRISODWHVLQÀXWWHUUHGWUDQVLWLRQDOEOXHDXWRURWDWLRQDOUHGDQG
FRPSOH['VSLQQLQJ\HOORZDQGEURZQPRGHVRIÀLJKWDIWHU>@

7KH&)'VLPXODWLRQZDVDOVRXVHGWRSURSRVHHTXLYDOHQWHPSLULFDOIRUPXODHIRUGUDJ
PRPHQWDQGOLIWDVDIXQFWLRQRIURWDWLRQDOVSHHG7UDMHFWRULHVIRUGHEULVZHUHSUHGLFWHGIRU
a number of different debris types with different Tachikawa numbers and plate properties.
7KHLQÀXHQFHRIORFDOHQYLURQPHQWZDVFRQVLGHUHGE\LQFOXGLQJDUHSUHVHQWDWLYHEXLOGLQJ
LQWKHVLPXODWLRQ)LJSUHVHQWVW\SLFDODQGWUDMHFWRULHVIRUURRIGHEULV>@7KHEHQH¿WVRI
WKH&)'DSSURDFKLQWHUPVRIWKHLPSURYHGXQGHUVWDQGLQJRUWKHDXWRURWDWLRQSKHQRPHQRQ
LVDOVRFOHDU>@
7KHPDMRUOLPLWDWLRQRIWKHFRPSXWDWLRQDOPRGHOGHVFULEHGKHUHLVWKDWLWLVGHWHUPLQLVWLF
SUHGLFWLQJWKHÀLJKWRIVSHFL¿FGHEULVLQVSHFL¿FZLQG¿HOGV)XWXUHZRUNPXVWDGGUHVVWKLV
E\LQWURGXFLQJDQDSSURSULDWHVWRFKDVWLFUHSUHVHQWDWLRQIRUERWKGHEULVDQGZLQG¿HOG
)LJ,QVWDQWDQHRXVVQDSVKRWVRISODWHSRVLWLRQDQGRULHQWDWLRQGXULQJÀLJKWDERYHWKHEXLOGLQJIRU
WKHNJSODWHEOXHWKHNJSODWHUHGDQGWKHNJSODWHJUHHQDIWHU>@
'HEULVLPSDFWPRGHO
The purpose of the debris impact model is to predict the likelihood of damage due to 
debris impact during a storm. It therefore needs to consider the likely impact location and 
YHORFLW\RIDGHEULVSDUWLFOHERWKRIZKLFKFDQEHREWDLQHGIURPWKHGHEULVWUDMHFWRU\PRGHO
7\SLFDOO\D0RQWH&DUORDQDO\VLVZRXOGEHSHUIRUPHGXVLQJWKHWUDMHFWRU\PRGHOWRDFFRXQW
IRUWKHXQFHUWDLQWLHVLQWKHV\VWHPWKLVKLJKOLJKWVWKHEHQH¿WVRIKDYLQJDQHI¿FLHQWWUDMHFWRU\
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PRGHO7KHGHEULVLPSDFWPRGHOPXVWDOVRFRQVLGHUWKHOLNHO\GDPDJHFDXVHGE\DQLPSDFW
i.e. it needs to relate the kinetic energy and momentum of the debris at impact to the strength 
of the asset hit.
7KHHDUOLHVW GHEULV GDPDJHPRGHO >@ VLPSO\XVHG WKHGHEULVÀLJKW VSHHG WRSURYLGH
DQHVWLPDWHRI WKHHQHUJ\DW LPSDFWDVVXPLQJ WKDW WKLVFRUUHODWHGZLWKGDPDJH$OWKRXJK
VLPSOHWKLVGDPDJHIXQFWLRQZDVDEOHWRSURYLGHKHOSIXOLQVLJKWZKHQXVHGWRFRPSDUHWKH
GDPDJHFDXVHGE\7\SKRRQ<RUNLQ+RQJ.RQJ/HH	:LOOV7KHFRQFOXVLRQVGUDZQ
DUHQHFHVVDULO\OLPLWHGEXWWKH\GRLGHQWLI\WKHGHEULVGDPDJHFKDLQVHHQLQWKH¿HOG
A more recent study considering the vulnerability of the facades on a representative tall 
EXLOGLQJWRZLQGERUQHGHEULVKDVWDNHQWKH&$$5&EXLOGLQJDVDQH[DPSOHZLWKDW\SLFDO
GLVWULEXWLRQRIJOD]LQJ0RJKLP	&DUDFRJOLDD$GHWHUPLQLVWLFWUDMHFWRU\PRGHOZDV
FDOLEUDWHGDJDLQVWWKHHPSLULFDOHTXDWLRQVJLYHQLQ>@DQGWKHQXVHGWRSHUIRUP0RQWH&DUOR
VLPXODWLRQVLQ'DQG'7KHLQÀXHQFHRIGHEULVW\SHFXEHVDQGVSKHUHVZDVFRQVLGHUHG
together with the effect of the height and distance from the building of the debris source. 
'VLPXODWLRQVVKRZHGDJUHDWHUOLNHOLKRRGRIGDPDJHDQGVKRXOGWKHUHIRUHEHFRQVLGHUHG
conservative or inaccurate.
:KHQ D VLPXODWLRQ RI D YHUWLFDO JXVW LV LQFOXGHG >@ WKHUH LV D QRWHG LQFUHDVH LQ WKH
OLNHOLKRRGRIGDPDJHDVWKHGHEULVWUDMHFWRU\LVORQJHU7KHYHUWLFDOJXVWLVDTXLWHVLPSOLVWLF
PRGHO LQ WKLV FRQWH[W EXW XVLQJ D VWRFKDVWLF PRGHO WR JHQHUDWH D WXUEXOHQW ZLQG ¿HOG LV
PRUHUH¿QHGDQGKDVDPDUNHGLQÀXHQFHRQWKHGHEULVÀLJKWDQGKHQFHOLNHOLKRRGRIGDPDJH
>@$OWKRXJKERWK WKH WXUEXOHQFHDQGJXVWPRGHOV UHTXLUH IXUWKHUYDOLGDWLRQ WKH UHVXOWV
emphasise the importance of the local wind environment on the predictions of damage.
*UD\VRQ >@ KDV SURSRVHG DQ DVVHVVPHQW IUDPHZRUN IRU SUHGLFWLQJ EXLOGLQJ HQYHORSH
failure during the passage of hurricane. The framework includes all the key elements of 
DGHEULVGDPDJHPRGHOLQFOXGLQJDJHQHUDWLRQPRGHOWKDWUHÀHFWVIDLOXUHRIIDVWHQHUVXQGHU
the action of wind pressure. The debris impact aspect of this model calculates both momentum 
and kinetic energy at impact and also considers the consequences of internal pressurisation 
on the integrity of the structure once the envelope has failed.
&RQVLGHULQJWKHYXOQHUDELOLW\RIWKHEXLOGLQJHQYHORSHWRGHEULVLPSDFW$670VSHFL¿HV
VWDQGDUGSURFHGXUHVIRUWHVWLQJWKHLPSDFWUHVLVWDQFHRIFODGGLQJJOD]LQJDQGKXUULFDQHVKXWWHUV
but considers only spherical and rod like debris. Novel testing procedures have therefore been 
developed to determine the vulnerability of windows to lightweight sheet type debris such as 
VKLQJOHV>@$UDQJHRIPHFKDQLVPVZHUHXVHGWRSURMHFWWKHGHEULVLQFOXGLQJDQDLUFDQQRQ
FDWDSXOWVKLQJOHVDQGGURSWHVWVURGVDQGWHVWVFRQVLGHUHGGLIIHUHQWÀLJKWPRGHVDQGLPSDFW
DQJOHV7KHYXOQHUDELOLW\RIWKHJOD]LQJZDVH[SUHVVHGLQWHUPVRIWKHLPSDFWPRPHQWXPRI
WKHSURMHFWLOH$VHFRQGVWXG\FRQVLGHUHGWKHYXOQHUDELOLW\RIKXUULFDQHVKXWWHUVWRLPSDFWIURP
URRIWLOHV>@,QWKLVFDVHDQDLUFDQQRQZDVXVHGWRODXQFKWKHSURMHFWLOHVZKRVHÀLJKWZDV
recorded using high speed video to determine impact speed and orientation.
'LVFXVVLRQDQGFRQFOXGLQJFRPPHQWV
The literature reviewed in this paper has addressed an issue of real importance in the built 
HQYLURQPHQWZLQGERUQHGHEULVGRHVFDXVHVLJQL¿FDQWGDPDJHDQGFRQVLGHUDEOHHFRQRPLF

loss on an annual basis. It is also clear from the papers reviewed that a new and effective 
VWUDWHJ\KDVEHHQSURSRVHG LQ WKH86$IRUPLWLJDWLQJ WKLVDQGRWKHUQDWXUDOKD]DUGVDQG
WKHLU DVVRFLDWHG ULVNV 7KH +$=860+ PRGHO KDV SURYLGHG DQ RYHUDUFKLQJ IUDPHZRUN
within which detailed engineering research has contributed to the development of a workable 
model. It is important to note that through this framework engineering research has produced 
an impact that is accessible to a wider audience than the engineering community. Whereas 
SUHYLRXVUHVHDUFKPLJKWKDYHUHVXOWHGLQFRGHVRISUDFWLFHIRUHQJLQHHUVWKH+$=860+
PRGHO HTXLSVJRYHUQPHQW DJHQFLHVSURSHUW\RZQHUV DQG LQVXUDQFHFRPSDQLHV DVZHOO DV
engineers.
$OWKRXJKWKHGLUHFWRXWFRPHRIWKLVSDSHULVWRLQIRUPDVSHFL¿FDXGLHQFHDERXWDVSHFL¿F
KD]DUG WKHPRUHYDOXDEOHRXWFRPH LV WRDVNTXHVWLRQVDERXW WKHRYHUDOOPHWKRGRORJ\IRU
PDQDJLQJ QDWXUDO KD]DUGV )(0$ KDV LQYHVWHG LQ D PDMRU SURJUDPPH RI ZRUN ZKHUH LV
WKHHTXLYDOHQWLQ(XURSH"7KHUHLVDVLJQL¿FDQWERG\RIUHVHDUFKRQZLQGKD]DUGLQ(XURSH
but this is principally within the domain of meteorologists and catastrophe modellers in the 
insurance industry. It is on the periphery of engineering research.
7KH+$=860+PRGHOLVQRWDGHVLJQWRROEXWWKHXQGHUO\LQJFRQFHSWVDUHFRUHWR
the implementation of performance based design. Is there a need for a performance based 
GHVLJQDSSURDFKZLWKLQZLQGHQJLQHHULQJ"0RUHRYHU)(0$XVHVWKLVWRROWRDGGUHVVRWKHU
QDWXUDOKD]DUGVÀRRGLQJDQGHDUWKTXDNH+RZHYHUWKHEDVLFPHWKRGRORJ\FRXOGEHDGDSWHG
to address hazards relating environmental effects on buildings and people: pedestrian 
FRPIRUWDQGVDIHW\SROOXWLRQKHDWLQJDQGYHQWLODWLRQ¿UHDQGWHUURULVWDFWLRQVVXFKDVGLUW\
bombs.
:LWKLQVXFKDPRGHOWKHUHLVDOVRDQHHGWRLGHQWLI\WKHEHVWSURWRFROIRUVLPXODWLQJWKH
risk. All the models reviewed here have relied on a deterministic analytical model of debris 
ÀLJKWWKDWLVXVHGDVWKHEDVLVRID0RQWH&DUORVLPXODWLRQWRSUHGLFWWKHOLNHO\WUDMHFWRULHV
+RZHYHUZRUNKDVDOVREHHQUHYLHZHGWKDWSUHVHQWVDQDOWHUQDWLYHFRPSXWDWLRQDOIUDPHZRUN
7KLVDSSURDFKKDVEHHQVKRZQWRUHSOLFDWHZRUNGRQHLQWKHZLQGWXQQHOERWKWRVLPXODWH
WUDMHFWRULHV DQG WR GHWHUPLQH DHURG\QDPLF DQG DXWRURWDWLRQDO FRHI¿FLHQWV7KHUH LV JUHDW
SRWHQWLDOIRUGHYHORSLQJ&)'VLPXODWLRQVRIWKHXUEDQEXLOWHQYLURQPHQWWRSURYLGHQRWMXVW
PRUHLQIRUPHGSUHGLFWLRQVRIGHEULVÀLJKWEXWDOVREHWWHUXQGHUVWDQGLQJRIZLQGHIIHFWVRQ
the users of that environment.
,ZRXOG OLNH WR WKDQNWKHRUJDQLVLQJFRPPLWWHHRI WKHWK,QWHUQDWLRQDO6\PSRVLXPRQ
(QYLURQPHQWDO(IIHFWVRQ%XLOGLQJVDQG3HRSOH$FWLRQV,QÀXHQFHV,QWHUDFWLRQV'LVFRPIRUW
IRU LQYLWLQJPHWRVXEPLW WKLVSDSHU,ZRXOGDOVROLNHWRDFNQRZOHGJHWKHYHU\VLJQL¿FDQW
FRQWULEXWLRQVRI'U'DYLG+DUJUHDYHVDQG'U%UXFH.DNLPSDWRWKLVSDSHU
R e f e r e n c e s
>@ %DNHU&-7KHGHEULVÀLJKWHTXDWLRQV -RXUQDORI:LQG(QJLQHHULQJDQG,QGXVWULDO
$HURG\QDPLFV9RO
>@ )(0$ 0LWLJDWLRQ $VVHVVPHQW 7HDP 5HSRUW +XUULFDQH &KDUOH\ LQ )ORULGD

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>@ )(0$+XUULFDQH,YDQLQ$ODEDPDDQG)ORULGD2EVHUYDWLRQV5HFRPPHQGDWLRQV
DQG7HFKQLFDO*XLGDQFH
>@ )(0$+XUULFDQH.DWULQDLQWKH*XOI&RDVW0LWLJDWLRQ$VVHVVPHQW7HDP5HSRUW
%XLOGLQJ 3HUIRUPDQFH 2EVHUYDWLRQV 5HFRPPHQGDWLRQV DQG 7HFKQLFDO *XLGDQFH

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
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WUDMHFWRU\ PRGHO IRU EXLOGLQJ HQYHORSH LPSDFW ULVN DVVHVVPHQW -RXUQDO RI :LQG
(QJLQHHULQJDQG,QGXVWULDO$HURG\QDPLFV9RO
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IRUUHVLGHQWLDOFRPPXQLWLHVVXEMHFWHGWRKXUULFDQHV(QJLQHHULQJ6WUXFWXUHV9RO

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
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debris-RXUQDORI:LQG(QJLQHHULQJDQG,QGXVWULDO$HURG\QDPLFV9RO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

>@+ROPHV -' :LQGERUQH GHEULV DQG GDPDJH ULVN PRGHOV $ UHYLHZ :LQG DQG
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
>@+ROPHV-'%DNHU&-7DPXUD<7DFKLNDZDQXPEHU$SURSRVDOJournal of Wind 
(QJLQHHULQJDQG,QGXVWULDO$HURG\QDPLFV9RO
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GHEULV3DUW ,,&RPSXWHG WUDMHFWRULHV -RXUQDORI:LQG(QJLQHHULQJDQG ,QGXVWULDO
$HURG\QDPLFV9RO
>@.DNLPSD%+DUJUHDYHV'02ZHQ-6$QLQYHVWLJDWLRQRISODWHW\SHZLQGERUQH
GHEULV ÀLJKW XVLQJ FRXSOHG &)'5%' PRGHOV 3DUW , 0RGHO GHYHORSPHQW DQG
YDOLGDWLRQ-RXUQDORI:LQG(QJLQHHULQJDQG,QGXVWULDO$HURG\QDPLFV9ROD

>@.DNLPSD%+DUJUHDYHV'02ZHQ-6$QLQYHVWLJDWLRQRISODWHW\SHZLQGERUQH
GHEULVÀLJKWXVLQJFRXSOHG&)'5%'PRGHOV3DUW ,,)UHHDQGFRQVWUDLQHGÀLJKW
-RXUQDORI:LQG(QJLQHHULQJDQG,QGXVWULDO$HURG\QDPLFV9ROE
>@.DNLPSD%+DUJUHDYHV'02ZHQ-60DUWLQH]9D]TXH]3%DNHUV&-6WHUOLQJ
04XLQQ$'&)'PRGHOOLQJRIIUHHÀLJKWDQGDXWRURWDWLRQRISODWHW\SHGHEULV
:LQGDQG6WUXFWXUHV$Q,QWHUQDWLRQDO-RXUQDO
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